Lithium is a commonly prescribed mood-stabilizing drug. However, chronic treatment with lithium induces numerous kidney-related side effects, such as dramatically reduced aquaporin 2 (AQP2) abundance, altered renal function, and structural changes. As a model system, inner medullary collecting ducts (IMCD) isolated from rats treated with lithium for either 1 or 2 weeks were subjected to differential 2D gel electrophoresis combined with mass spectrometry and bioinformatics analysis to identify (i) signaling pathways affected by lithium and (ii) unique candidate proteins for AQP2 regulation. After 1 or 2 weeks of lithium treatment, we identified 6 and 74 proteins with altered abundance compared with controls, respectively. We randomly selected 17 proteins with altered abundance caused by lithium treatment for validation by immunoblotting. Bioinformatics analysis of the data indicated that proteins involved in cell death, apoptosis, cell proliferation, and morphology are highly affected by lithium. We demonstrate that members of several signaling pathways are activated by lithium treatment, including the PKB/Akt-kinase and the mitogen-activated protein kinases (MAPK), such as extracellular regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38. Lithium treatment increased the intracellular accumulation of ␤-catenin in association with increased levels of phosphorylated glycogen synthase kinase type 3␤ (GSK3␤). This study provides a comprehensive analysis of the proteins affected by lithium treatment in the IMCD and, as such, provides clues to potential lithium targets in the brain.
L
ithium administration is the most popular therapeutic approach to treat bipolar disorders, with 0.1% of the population receiving lithium (1, 2) . In 50% of these patients, chronic lithium treatment is associated with altered renal function and nephrogenic diabetes insipidus (NDI) characterized by a defective urinary concentrating mechanism that manifests in polyuria, increased sodium excretion, and hypercholoremic metabolic acidosis (3) . The polyuria is largely explained by decreased abundances of the vasopressin (AVP)-regulated aquaporin 2 and aquaporin 3 (AQP2 and AQP3) water channels in the collecting duct (4, 5) . The renal sodium loss is likely to be caused by reduced expression of the epithelial sodium channel (ENaC) in the cortical and outer medullary collecting duct (6, 7) . In addition, lithium induces increased expression of important acid-base transporting proteins including the H ϩ -ATPase and the anion exchanger type 1 (AE1) in the collecting duct (8) . These changes may be, at least in part, attributable to an increase in the proportion of intercalated cells compared with principal cells (9) , which is associated with increased cell proliferation and apoptosis of principal cells (10) . Additionally, further ''remodeling'' of the kidney can occur with lithium treatment, including major structural changes such as medullary tubular cysts and tubular atrophy, resulting in tubulointerstitial fibrosis and renal failure (11) .
Despite numerous studies documenting the consequences of chronic lithium treatment, little is known about the underlying mechanism and signaling pathways affected by lithium. In this study, we describe the use of differential gel electrophoresis (DIGE) combined with matrix-assisted laser desorption-ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) and bioinformatics to identify proteins with altered abundance in the inner medullary collecting ducts (IMCD) of lithium-treated rats and their possible cellular function.
Results

Physiological Effect of Lithium Treatment.
Chronic lithium administration resulted in a profound urinary concentrating defect. In both study 1 and study 2, water intake was significantly increased after 4 days of lithium treatment (Fig. 1A ). During this time period, urine volumes changed correspondingly and were increased Ϸ3-fold after 1 week of lithium treatment and Ͼ6-fold after 2 weeks of lithium treatment [see Fig. 1B and supporting information (SI) Table 6 ]. Thus, the effects of lithium on renal water excretion were established at 1 week and progressed over the following week, indicating further changes in renal function. The observed polyuria was accompanied by a time-dependent reduction in AQP2 protein abundance in the IMCD (Fig. 1C) , with AQP2 protein expression decreased to 58% of control rats at 1 week of lithium treatment and further decreased to 33% of control rats at 2 weeks of lithium treatment consistent with previous studies (10) .
DIGE Combined with MALDI-TOF-TOF Identified Multiple Unique Pro-
teins Regulated by Lithium. To identify proteins in the IMCD proteome with altered abundance in lithium-treated rats compared with control rats, we carried out 2D DIGE followed by tandem MS. On each of five 2D gels, the fluorescence of equivalent amounts of Cy3-labeled IMCD protein from lithium-treated rats and Cy5-labeled protein from control rats was detected with a laserfluorescence scanner. A representative gel image is shown in Fig.  2 . For statistical analysis, the fluorescence signals for each protein spot were normalized between gels, and protein spots with significantly changed signal intensities were chosen for identification (23 ʈ and 159 protein spots from weeks 1 and 2, respectively). Proteins were considered positively identified if (i) the total protein score (MS certainty estimate) based on the peptide fingerprint was Ն99% or (ii) the total protein score based on peptide fingerprint was Ն95% combined with a total ion score (tandem MS certainty estimate) based on peptide sequence was Ն95%, and (iii) the molecular weight and the isoelectric point of the identified protein were consistent with the protein spot location on the 2D gel. These parameters resulted in identification of 6 and 74 different proteins with changed expression at 1 and 2 weeks, respectively (Tables 1  and 2 ).
An additional animal study, with physiological parameters observed similar to study 1 (SI Table 6 ), was performed followed by immunoblotting to confirm the abundance changes in several of the proteins identified by using MALDI-TOF-TOF ( Fig. 3 and SI Table 7 ). The changes in protein abundance observed by immunoblotting showed a general correlation with the changes in protein spot intensities obtained by using DIGE (Fig. 4) .
Pathway Analysis Identified Cell Death and Apoptosis as Major
Cellular Functions Affected by Lithium. To explore the functional roles of the changed proteins in lithium-treated rats and to generate hypothesis for further studies, we performed bioinformatic pathway analysis using Ingenuity Pathway Analysis (IPA) software. Because we were interested in identifying candidate proteins and signaling mechanisms involved in the total cellular response to lithium, both 1-and 2-week time points were included in the pathways analysis. The IPA analysis revealed that a large fraction of the proteins we identified were associated with cell structure (e.g., annexin 2, annexin 5, ezrin, lamin A), cell death (e.g., adenine phosphoribosyltransferase, mortalin, cyclophilin A), and apoptosis (e.g., peroxiredoxin-5, programmed cell death protein 6, retinaldehyde dehydrogenase 3) (Table 3, SI Table 8 ). In addition, based on the IPA analysis, we proposed that signaling pathways involving the PKB/Akt-kinase and the mitogen-activated protein kinases (MAPK)-including extracellular regulated kinase (ERK), c-Jun NH 2 -terminal kinase (JNK), and p38 MAPK-could be involved in mediating both the lithium-induced changes on cell viability and cell structure as well as the reduced expression of AQP2 observed during chronic lithium treatment.
Lithium Treatment Increases Phosphorylation of PKB (Akt) and Glycogen Synthase Kinase Type 3␤ (GSK3␤). To assess these predictions, changes in both protein abundance and phosphorylation state of these kinases were analyzed (Fig. 5 , Table 4 , and SI Table 9 ). Total protein abundance of Akt was unchanged at both 1 and 2 weeks of lithium treatment compared with control rats, whereas the phosphorylated forms pS473Akt and pT308Akt were increased Ͼ2-fold.
After 1 week of lithium treatment, the downstream cell-cycle controlling protein P27/Kip1 also was decreased, possibly because of degradation via a phospho-Akt-mediated mechanism. In the same pathway, phosphorylated (active) Akt further phosphorylates GSK3␤ at serine 9 thereby inhibiting GSK3␤ kinase activity. Consistent with this pathway, the abundance of phosphorylated pS9-GSK3␤ was increased 2.5-fold and 4-fold at 1 and 2 weeks of lithium treatment, respectively. Names of identified proteins and the ratio of protein abundance (lithium/ control) after 1 week of lithium treatment. Additional identified proteins with nonsignificant change (NS) at 1 week but significant changes at 2 weeks of lithium treatment are included in the table. The arrows indicate the change in protein abundance observed after 2 weeks of lithium treatment. Bidirectional arrows indicate that both up-and down-regulation were observed in different spots. Unmarked values were identified by MS with certainty scores Ͼ99%. Values marked with asterisks (*) were identified with certainty score Ͼ95% by both MS and tandem MS.
Lithium Treatment Increases Phosphorylation of ERK, JNK, and P38.
ERK, JNK, and P38 MAPK also were affected by lithium. Although phosphorylated pERK2 was increased only at 2 weeks, total ERK2 abundance was increased at both 1 and 2 weeks (Fig. 5 , Table  4 ). Total JNK1 and JNK2 abundance as well as (active) phosphorylated pJNK1 were increased at both time points, alongside total and phosphorylated P38 (activated) (Fig. 5 , Table 4 ). One target of P38 MAPK is phosphorylation of HSP27 (identified with DIGE-MALDI-TOF-TOF). HSP27, which is important for cell survival during cell stress (12) , was increased at 1 week of lithium treatment but markedly decreased after 2 weeks of lithium treatment (Fig. 3 , Table 2 ).
Lithium Treatment Results in Increased ␤-Catenin and E-Cadherin
Abundance. A potential target for GSK3␤ is ␤-catenin, which is phosphorylated by GSK3␤, resulting in its proteasomal degradation (13). Thus, a decrease in active pS9-GSK3␤ would be predicted to result in increased ␤-catenin. Indeed, after 2 weeks of lithium treatment, ␤-catenin abundance is increased significantly (Fig. 5 , Table 4 ) compared with controls. Increased ␤-catenin not associated with the cell-to-cell cadherin complex can accumulate intracellularly affecting the Wnt-signaling cascade. To examine this possibility, immunolabeling of ␤-catenin in control or lithiumtreated rats was performed (Fig. 6) . In both control rats and rats after 1 week of lithium treatment, ␤-catenin labeling is localized predominantly to the basolateral plasma membrane domain. In contrast, in rats after 2 weeks of lithium treatment, there is a marked increase in intracellular ␤-catenin labeling, suggesting accumulation of ␤-catenin within the principal cell. Because ␤-catenin is a central component of the cadherin cell-adhesion complex, the redistribution of ␤-catenin may affect other proteins involved in cell-to-cell adhesion. Indeed, the abundance of E-cadherin was increased after lithium treatment (Fig. 5, Table 4 ), although this change was not associated with altered cellular distribution (data not shown).
Discussion
The present study uses a proteomics approach, coupled with pathways analysis, to identify unique proteins that are involved in the pathogenesis of lithium-induced NDI. Moreover, we examined the activation state of a number of key cellular signaling pathways to further investigate the cellular changes induced by lithium.
The well established lithium protocol used in our study resulted in development of a severe polyuria within 7 days that progressed in magnitude throughout the duration of the study. For the pro- Shown are the number of identified proteins associated with molecular pathways and cellular function as determined by IPA and ordered by decreasing IPA analysis significance score. teomic analysis, the two time points examined were specifically chosen as: (i) after 7 days of lithium treatment, the proteins with altered abundance may be involved in the mechanism that results in down-regulation of AQP2 and the subsequent onset of polyuria; and (ii) after 14 days of lithium treatment, proteins identified may be important for the lithium-induced structural changes in the kidney that occur with prolonged lithium treatment. However, it is important to emphasize that the cellular responses to lithium treatment identified from this study could be direct responses (e.g., responses to increased phosphorylation of transcription factors by ''lithium-regulated kinases'') or indirect responses that are not an immediate consequence of lithium-mediated signaling (e.g., changes in protein abundance attributable to the reduced interstitial osmolality that occurs from prolonged polydipsia and polyuria). The indirect effects of lithium are likely to be diverse and may include several categories of responses, such as (i) induction of transcription factors downstream of transcription factors immediately activated by lithium; (ii) secondary changes in circulating hormone levels (such as AVP); or (iii) responses to increased tubular flow occurring in polyuria. This study does not attempt to discriminate between these different types of responses. Furthermore, several of the proteins identified in this study are key regulators in more than one intracellular signaling process; thus, the relative effect of lithium on each individual pathway can only be postulated. Proteomic analysis using stringent parameters to avoid falsepositive identifications resulted in identification of 6 and 74 different proteins with altered abundance at 1 and 2 weeks, respectively. Although a direct correlation was observed between the changes in abundance from confirmatory immunoblotting and the changes in protein spot intensities obtained by using DIGE analysis, the magnitude of the changes between the two techniques differed substantially (Fig. 4) . This difference may be explained, in part, by the possibility that posttranslational modifications result in proteins migrating to several different spots on the 2D gel. For example, after 2 weeks of lithium treatment, HSP70 was identified in two different protein spots with decreased and increased protein expression, whereas the total protein expression was unchanged by immunoblotting, suggesting a shift between two posttranslational states of HSP70 rather than a change in total abundance. Moreover, if only one of multiple spots of a shifted protein is identified on the DIGE gel, the protein expression (based on DIGE) may appear changed while the total protein abundance is unchanged based on immunoblotting (e.g., CA2 or 14-3-3). Thus, the list of proteins identified by DIGE and MALDI-TOF-TOF represents a list of proteins with changed expression in a specific posttranslational state. Below, we discuss some of the major regulatory targets identified and propose their role in lithium-induced NDI.
Regulation of PKB/Akt by Lithium and Its Role in Cell Survival.
The active forms of Akt, pS473Akt and pT308Akt, were increased Ͼ2-fold after both 1 and 2 weeks of lithium treatment. Akt/PKB acts as a critical junction in cell signaling within all cells of higher eukaryotes. One of the key actions of Akt is to block apoptosis by blocking the function of proapoptotic proteins (such as Bcl-2), and promoting cell survival through activation of NF-B signaling (14) . Chronic lithium treatment causes a multitude of structural changes within the kidney. For example, despite increased proliferation of principal cells, the proportion of intercalated cells to principal cells increases after 4 weeks of lithium treatment, suggesting that there is a decrease in principal cell viability (9, 10) . The observed increase in Akt activation could be a survival response by the principal cell to limit apoptosis and the trigger for induced cell proliferation. In support of this finding, lithium treatment decreases the abundance of the p27/Kip1 cyclin-dependent kinase inhibitor, thus limiting p27 localization to the nucleus and attenuating its cell-cycle inhibitory effects. The increased abundance of 14-3-3, which binds to p27 and sequesters it in the cytoplasm, and of HSP27, which causes degradation of p27, adds further credence to this pathway.
Increased HSP27, which binds to Akt, is a common response to cell stress, leading to cytoskeleton reorganization (12) . This reorganization of the principal cell cytoskeleton possibly could play a direct role in the diminished AQP2 trafficking apparent after lithium treatment (15) . Additionally, Akt-dependent phosphorylation and inhibition of GSK3 (see below) is proposed to drive cell proliferation by limiting the GSK3-mediated proteasomal degradation of proteins involved in cell-cycle entry, such as G 1 cyclins and the transcription factors c-jun and c-myc. Together, our results suggest that Akt signaling pathways are likely responsible for the marked principal cell proliferation observed with lithium treatment.
Phosphorylation of GSK3␤. GSK3, which is inhibited noncompetitively by lithium (16, 17) , has been studied extensively for its role in cell proliferation and epithelial-mesenchymal transition (13) . In our study, lithium treatment resulted in a marked increase in phosphorylated (inactive) GSK3␤, in line with previous studies (18) . Because GSK3␤ is a target for phosphorylation by Akt, the increased p-Akt observed with lithium treatment is the potential upstream regulator of this signaling cascade (see above). In one of its many cellular functions, GSK3␤ functions as a negative regulator of the Wnt/beta-catenin (␤-catenin) pathway by phosphorylating ␤-catenin (see below). Overexpression of GSK3 has been shown to make cells more sensitive to proapoptotic stimuli (19) ; thus, a decrease in its activity also may enhance cell survival.
A direct role of GSK3␤ in lithium-induced down-regulation of AQP2 abundance has not been demonstrated. However, it has been shown that inhibition of GSK3␤ by lithium results in enhanced renal COX2 expression in interstitial cells, leading to an increase in local PGE(2) excretion (18) , that in turn may counteract AVP actions by causing endocytic retrieval of AQP2 from the collecting duct plasma membrane, thus impairing urinary concentrating ability (20) . GSK3␤ knockout mice die from liver degeneration (21) ; thus, the consequence of GSK3␤ gene deletion on kidney function has yet to be examined. (A recent report has demonstrated that a collecting duct-specific gene knockout of GSK3␤ results in an impaired maximal urinary concentrating ability and a reduced increase in AQP2 mRNA levels after water restriction.**)
Increased Intracellular Accumulation of ␤-Catenin. ␤-Catenin not only regulates cell-to-cell adhesion as a protein interacting with cadherin but also functions as a component of the Wnt signaling pathway. When not assembled in complexes with cadherins, ␤-catenin forms an intracellular complex with axin that is phosphorylated by GSK3␤, creating a signal for the rapid ubiquitindependent degradation of ␤-catenin by proteosomes. However, if GSK3␤ is inactivated, as we observed during lithium treatment, ␤-catenin can accumulate intracellularly and subsequently translocate to the nucleus where it serves as an activator of T cell factor (Tcf)-dependent transcription, leading to an increased expression of several specific target genes (22) . After 2 weeks of lithium treatment, we showed a large increase in the intracellular abundance of ␤-catenin within the IMCD. Thus, it is plausible that lithium treatment further results in translocation of ␤-catenin to the IMCD cell nucleus, where it can regulate transcription of target genes. A previous study has reported that the effect of lithium on AQP2 down-regulation is mediated by a transcriptional mechanism (23) . Interestingly, using bioinformatics we discovered that both the mouse and rat AQP2 gene 5Ј flanking regions contain several consensus sites for TCF, thus AQP2 gene transcription may be regulated directly by TCF-dependent transcription. Alternatively, TCF may regulate the abundance of other hierarchical transcription factors that subsequently modulate AQP2 expression. Furthermore, TCF-dependent transcription has been demonstrated to regulate a number of proteins involved in cell-cycle entry; thus, it also may play a role in the principal cell proliferation observed with lithium treatment. Direct analysis of these hypothesis using cellbased systems will form the basis of future work.
Other Kinase-Mediated Signaling Cascades. Lithium treatment resulted in either increased abundance or increased phosphorylation of JNK, P38, and MAPK/ERK. Increased p-Akt, via the apoptosis signal-regulating kinase 1 (ASK1), is a potential mediator of both JNK and P38 signaling pathways. Both JNK and P38 function in independent protein kinase cascades transducing cellular stress signals. Additionally, P38 is centrally involved in apoptosis and cytoskeleton reorganization after cell stress via its interaction with HSP27 (see above). ERK is a classical MAPK that is ubiquitously expressed and can be activated by numerous stimuli such as growth factors. Stimulation of the ERK signaling cascade modulates numerous cellular functions, including cellular proliferation, differentiation, and survival. Interestingly, ERK inhibitors have been shown to block AVP-induced increases in AQP2 expression (24) . Thus, increased ERK activation after lithium treatment may be a cellular response to limit down-regulation of AQP2.
Conclusion
Using a stringent proteomics approach, we have identified 77 different proteins within the IMCD that are affected, either directly or indirectly, by lithium treatment. The proteins identified have a variety of functions, including signal transduction, regulation of gene expression, cytoskeletal organization, cellular reorganization, apoptosis, and cell proliferation. A number of these proteins are ubiquitously expressed, such as GSK3␤, and as such also may be involved in the actions of lithium within the brain. Our studies clearly demonstrate that the cellular effects of lithium treatment are broad and complex, and as such a single pathway leading to reduced AQP2 expression and subsequent polyuria is unlikely. However, our current study has identified numerous unique proteins that may play a role in AQP2 regulation and thus opens up numerous avenues of future research.
Concise Methods
Animal Protocol for Proteomics Study (Study 1) and Confirmatory Blotting (Study 2). All animal protocols were approved by the boards of the Institute of Anatomy and Institute of Clinical Medicine, University of Aarhus, according to the licenses for the use of experimental animals issued by the Danish Ministry of Justice. Male Wistar rats were housed individually in normal cages. Rats were given daily food rations consisting of (per 200 g of body weight) 20 g of rat chow supplemented with 1.7 mmol of NaCl (total Na intake was 3.4 mmol/200 g of body weight) and 20 ml of tap water. Lithium-treated rats received 0.8 mmol of LiCl per 200 g of body weight. All rats had free access to water. In study 1, the number of animals were: control, n ϭ 10; lithium-treated, n ϭ 22. In study 2, the number of animals were: control, n ϭ 12 and lithium-treated, n ϭ 20. Half of the rats in each study were treated for 1 week, and the other half were treated for 2 weeks. The two lithium-treated rats with the highest urine output and the two lithiumtreated rats with the lowest urine output at the end of the study periods were excluded from analysis. Urine was collected over 24-h periods. After 7 and 14 days of treatment, rats were anesthetized with isoflurane, blood was collected from the inferior vena cava, kidneys were rapidly removed, the inner medulla was dissected, and IMCD tubules were prepared.
IMCD Tubule Preparation.
The protocol for IMCD tubule suspension preparation has been described in ref. 25 . DIGE Analysis and Protein Identification. DIGE was performed as described in ref. 26 .
Semiquantitative Immunoblotting, Immunohistochemistry, and Antibodies. After preparation of total protein from IMCD tubules, semiquantitative immunoblotting was performed as described in ref. 6 . Results are listed as the relative band densities between the groups. The immunohistochemistry technique was described extensively in ref. 6 . A minimum of four control or four lithium-treated rat kidneys were examined, and representative data are shown. Light microscopy was carried out with a Leica DMRE microscope (Leica Microsystems). For the list of antibodies used for immunoblotting and immunohistochemistry, including information about host animal, company, and catalogue number, see SI Table 10 .
Presentation of Data and Statistical Analyses.
Quantitative data are presented as mean Ϯ SE. Data were analyzed by one-way ANOVA followed by Bonferroni's multiple-comparisons test. Multiple-comparisons tests were applied only when a significant difference was determined in the ANOVA (P Ͻ 0.05). P values Ͻ0.05 were considered statistically significant.
